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Organ morphogenesis: A metalloprotease prepares the way
Don G. Moerman
In the nematode Caenorhabditis elegans gonad shape
and size is determined by the migration of a leader cell,
which is at the tip of the growing gonad arm.
A metalloprotease secreted by the leader cell has
recently been found to play an essential role in this
process, preparing the way ahead for the cell’s migration.
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It is generally believed that structural changes in the extra-
cellular matrix are necessary for cell migration, wound
repair and tissue remodeling. Matrix metalloproteases are
the major family of proteolytic enzymes responsible for
degrading extracellular matrix components, and have been
implicated in all of these biological processes. They form
part of a superfamily of zinc peptidases known as the met-
zincins, which include four distinct families: the astacins,
the matrix metalloproteases, the adamlysins/reprolysins
and the serralysins (large bacterial proteases). Members of
this superfamily are characterized by both sequence and
structural similarities, in particular an identical zinc-
binding environment [1].
The growing interest in this group of proteases stems not
only from their involvement in a diverse set of develop-
mental processes, but also because abnormal expression of
many metzincins has been associated with several patho-
logical situations, including arthritis, multiple sclerosis,
atherosclerosis and tumor progression [2,3]. The excite-
ment over this group of proteins will be further stimulated
by a recent study [4] which has provided clear evidence
for the participation of a metalloprotease in determining
organ shape in the nematode Caenorhabditis elegans. Blel-
loch and Kimble [4] have found that in nematode embryos
lacking the metalloprotease GON-1 — a member of a new
subfamily of metalloproteases (see below) — the normal
elongation of gonad arms and morphogenesis of the
somatic gonad structures fail to occur. 
The gonad of a hermaphrodite C. elegans has two U-shaped
arms, and the shape of this gonad is determined by the
migration path of leader cells that are known as distal tip
cells [5]. How the distal tip cells move is not known, but
their migration path has been described in detail
(Figure 1). These somatic cells are born during the first
larval stage (L1). The two distal tip cells commence move-
ment during the second larval stage (L2) and migrate in
opposite directions along the ventral muscle cells. They
halt their anterior and posterior migrations during the
third larval stage (L3), reorient and then migrate over the
lateral hypodermis towards the dorsal muscle cells. Upon
reaching these muscle cells, the distal tip cells again reori-
ent, but this time travel in the opposite direction from that
taken when they traveled adjacent to ventral muscle cells;
this last step in their journey leads the distal tip cells back
towards the middle of the animal. 
This migration route, in which the cells travel along a
basement membrane, takes just over 20 hours, ending
during the fourth larval stage (L4). The migrating cells
traverse mesodermal and ectodermal tissue [5]. By using
as a reporter gene a construct in which the gon-1 promoter
was fused to the coding region for green fluorescent
protein (GFP), Blelloch and Kimble [4] showed that gon-1
is expressed at high levels within the distal tip cell during
this period of migration; they did not detect gon-1 expres-
sion prior to L2 or after late L4 in the distal tip cell, nor in
other gonadal tissue.
The gon-1 gene is expressed in muscle tissue as well as in
the distal tip cells of the hermaphrodite gonad. To explore
the relative importance of gon-1 expression in these two
cell types, gon-1 was expressed in transgenic nematodes
under the control of two heterologous promoters, one that
Figure 1
Distal tip cell migration in the C. elegans hermaphrodite. The figure
shows a cylindrical projection opened along the dorsal midline of the
nematode, with ventral and dorsal muscle quadrants in green and
lateral epidermis in yellow. The two distal tip cells are generated late in
the first larval stage at position 1 over the ventral body wall muscles.
The migration paths of the distal tip cells over the ventral muscle cells,
the lateral epidermis and the dorsal muscle cells are illustrated by the
red arrows. See text for details. (Adapted from [11].)
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confers expression only in the distal tip cell, and another
that confers expression only in body wall muscle. Each
transgene was placed in a gon-1 null animal background.
Blelloch and Kimble [4] found that nematodes in which
gon-1 was expressed only in the distal tip cells were able to
form an elongated gonad, whereas those in which gon-1 was
expressed only in muscle did not form an elongated gonad.
So why is gon-1 expressed in muscle? In those animals
where gon-1 was expressed in muscle, but not in the distal
tip cells, the gonad — while lacking the normal elongated
shape — did look different than in gon-1 null mutants.
Unlike gon-1 mutants, where the gonad is not consolidated
into a single mass, in animals with muscle expression of
gon-1 the gonadal tissue is contained within a basement
membrane. Blelloch and Kimble [4] argue that the GON-1
protease released from muscle controls the expansion of
the gonad along the dorsal–ventral and left–right body
axes. They suggest that local effects of GON-1 from the
distal tip cell, and the more dispersed effects from muscle,
together act as important determinants of the final shape
and size of the gonad [4].
GON-1 is related to bovine procollagen I N-protease
(PINP) and the murine enzyme ADAMTS-1; together,
these three enzymes define a new subfamily of secreted
proteases, dubbed the MPT family for ‘metalloprotease
with thrombospondin type 1 repeats’ (Figure 2). The char-
acteristic features of this new family include a metallopro-
tease domain, a thrombospondin type 1 domain, multiple
thrombospondin type 1-like motifs and two cysteine rich
regions. The GON-1 protein has a signal peptide and so is
presumably secreted, and mutations that disrupt GON-1’s
catalytic activity destroy its ability to extend the gonadal
arm [4]. Metalloprotease activity is therefore essential for
controlling this morphogenetic event. What is the GON-1
target within the extracellular matrix? No proteolytic
target for GON-1 has yet been identified, but some clues
may come from observations that PINP can degrade the
amino-terminal propeptide from collagen I [6], and
ADAMTS-1 has recently been shown to be an active met-
alloprotease within the extracellular matrix associated with
inflammation and tumor cell progression [7].
The nature of the gon-1 gene product, an extracellular
protease, suggests that distal tip cell migration during nema-
tode development requires remodeling of the extracellular
matrix (Figure 3). What kind of remodeling of the extracel-
lular matrix might the distal tip cells require? The extracel-
lular matrix can form an effective barrier between tissues to
limit contact and it can certainly be a barrier to cell move-
ment. Passage through the extracellular matrix may simply
require that the protease cut a path that breaks down the
barrier and allows cell movement. For example, the break-
down of collagen, a major constituent of the extracellular
matrix, would certainly open up the matrix. This view of
metalloproteases has driven much of the research on these
enzymes, particularly their potential involvement in tumor
invasion and metastasis formation in many forms of cancer.
An indication that this view may be an oversimplification
of the role of matrix metalloproteases in cancer progression
has come from recent studies using ‘knockout’ mutant
mice. Contrary to expectation, mice deficient in MMP-7
(matrilysin) were found to have decreased intestinal
tumorigenesis [8]. This result argues that, rather than just
affecting tumor cell spreading, MMP-7’s activity affects
cell-cycle arrest in cells of the gastrointestinal epithelium.
This is an important observation, as it implicates matrix
metalloproteases in the initial steps of tumor formation. It
is also a good illustration that the extracellular matrix is not
simply a barrier to movement and growth; it is also a repos-
itory of complex instructional cues influencing the short-
term and long-term behavior of cells.
An idea that is old, but for which there is a substantial
amount of new evidence, is that extracellular matrix
proteolytic fragments have biological activity. An essential
role of matrix metalloproteases in liberating this stored
information is only now emerging. This is illustrated by
recent work [9,10] on keratinocyte migration during wound
healing and epithelial-derived tumor-cell migration.
During wound repair, migrating keratinocytes bind to
collagen via their membrane-bound receptors, α2β1 inte-
grin molecules. The keratinocytes cannot move forward to
repair the wound, however, if the cell receptor molecules
are not released from the collagen matrix. This process
involves MMP-1 (collagenase-1), which is secreted by the
migrating keratinocytes, degrades the collagen and thereby
frees the cells for further movement [9]. In this example,
the matrix provides both a substrate and a ligand for cell
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Figure 2
Domain organisation of GON-1 and related members of the
metalloprotease with thrombospondin type 1 repeat (MPT) family.
(Adapted from [4].)
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movement and attachment; the metalloprotease, while
important to the process, is not believed to be responsible
for making the ligand available for cell attachment.
In the case of migrating tumor cells derived from breast
epithelium, MMP-2 (gelatinase A) — which is present in
the extracellular matrix surrounding breast epithelial cells
— induces cells to migrate by providing a signal that
activates their motility. The proteolytic target of MMP-2
is laminin-5, which when cleaved exposes a cryptic pro-
migratory site. The degraded laminin is capable of binding
receptors on the cell surface, and when activated these
transduce a signal for cell movement. This altered form of
laminin-5 is found only in tumors and tissues undergoing
remodeling, and not in quiescent tissues [10]. In this
example, the protease itself initiates the signaling cascade
that leads to cell migration.
Are either of these two systems good models for how
GON-1 functions during distal tip cell migration? A hint
comes from the observation that gon-1 is expressed
continuously during distal tip cell migration. This implies
that the protease is required for continued cell migration,
which in turn suggests that the protease is involved in
modifying the extracellular matrix to allow passage of the
distal tip cells. Does GON-1 also initiate migration? While
a precise answer to this question will have to await further
work on the molecular details of the process, what is
already clear is that GON-1, and probably other matrix
metalloproteases, are important modulators of organogen-
esis. Perhaps it is time to take a closer look at the
sequenced C. elegans genome for members of this protease
family that might be modulators of organogenesis.
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A migrating distal tip cell, showing the release of GON-1 to remodel the extracellular matrix. Note how the distal most column of the gonad is
ensheathed by the back portion of the distal tip cell. (Adapted from [11].)
